Ever since its introduction in the early 1950s whole-body autoradiography has been used quite extensively for mapping the fate of various substances in the body, especially in the fields of pharmacology and toxicology. A detailed description of the whole-body autoradiographic technique is given. Some factors of general interest are dealt with-such as radionuclides and labeled substances, followed by a number of illustrations providing details and specific references.
Introduction
The whole-body autoradiographic technique may be briefly summarized as follows: The most common procedure entails the intravenous (iv) injection of a series of mice with a labeled compound. Each animal receives a single dose. After various intervals, the mice are rapidly deep-frozen and sagittal microtome sections are taken at different levels through the whole frozen bodies. The sections are freeze-dried and pressed against a photographic film. After exposure, the section and film are separated and the pattern of the drug distribution will appear on the developed film. The sections may be stained and mounted under cover slips, or they may be used in their unstained state as references for the interpretation of the autoradiograms.
If a number of sections are taken at different levels, most tissues and fluids of the body can be studied, including endocrine organs, the various tissues of the eye, teeth and paradental tissues, skin, bone marrow, and joints. The labeled compound in tissue fluids is studied in situ. On an autoradiogram of a pregnant female, the isotope concentration can be compared in the maternal and fetal tissues. Specific sites of retention in the fetuses can be revealed that may contribute to the understanding of the mechanisms behind fetal damage.
Experimental animals of different size, e.g., mice and monkeys, may be used and investigated after different postinjection intervals, thus making studies of the distribution picture as a function of time possible.
Other histological techniques, such as fluorography, can sometimes be used as an alternative to autoradiography. In some cases, it may be possible to combine the two techniques using the same tissue section.
In vitro autoradiography, which generally involves incubation of sections in a medium containing a labeled compound, is an important complementary technique for the study of human autopsy material.
The emphasis of this article is on a description of the whole-body autoradiographic technique, with some discussion of different related problems. The article concludes with some illustrations and noting specific references.
Radionuclides and Labeled Substances
A great many radionuclides have been used successfully. The ones most frequently used seem to be carbon-14 ("C), tritium, iodine-125 ( 125 I), and sulfur-35 ( 35S). Others include: iodine-131, calcium-45, phosphorus-32, sodium-22, iron-59, cobalt-57, cobalt-58, and cobalt-60, mercury-203, cadmium-109, fluorine-18, bromine-80m and bromine-82, nickel-63, lead-203, caesium-137, selenium-75, zinc-65, chromium-51, thallium-204, gold-198, vanadium-48, strontium-89 and strontium-90.
The predominant radioisotopes are "C and tritium, since carbon and hydrogen constitute normal components of organic matter. The choice between the two is involved-factors such as demands for high resolution and high specific activity are important, while more special requirements, such as the molecular position and the strength of the tagging, should also be considered.
Tritium has the advantage of giving better resolution due to its weak 0 energies ( Figure 1 ) with consequent short range and limited dispersion across the section and the photographic emulsion. Another advantage of tritium is the high specific activity that may be obtained, which substantially limits the molar dose needed. The half-life of tritium (12.3 years) is almost 500 times shorter than that of t'C (5800 years). Although the range in specific activity of the commercially available compounds is rather large, there is a tendency for the tritiated substances to be about 500 times as hot as the 14C labeled ones, broadly speaking. On the other hand, tritiated compounds are sometimes less reliable with respect to radiochemical purity. There may also be a risk of exchange reactions of label and isotope effects (i.e., chemical reactions are delayed if the tritium occurs in reactive positions within the molecule). Until recently, due to its higher /3-energy ( Figure 1 ), "C has been the more extensively used radiolabel. Its radiation is easily registered by conventional X-ray films, while most of the tritium (3 particles are too weak to enter the emulsion of such films. This problem, however, has been greatly reduced by the recent supply of Ultrofilm 3 H, LKB.
In our studies, we injected the majority of our experimental animals with a radioactive dose of tritium 20 times the required amount of "C, thereby obtaining exposure times of similar length for sections in the 20 µm range, when relatively fine-grained common X-ray films for "C and Ultrofilm 3 H for tritium are used. With increasing section thickness, the difference in doses is still more noteworthy. Since 14 C-labeled substances, grossly estimated, seem to be about 10 times more expensive than tritiated substances, the choice of "C generally involves slightly lower costs. This condition, however, may be of minor importance when related to the obvious advantages of the much higher specific activity of tritiated compounds: it is possible to increase the radioactive dose of tritium substantially without increasing the rate of excretion and without reaching a toxic or unphysiological molar level.
Another radioisotope frequently used is 125 I. It emits extranuclear electrons of different discrete energies ( Figure  1 ), the more energetic ones, of which around 30 keV, are dominant in whole-body autoradiography. Iodine-125 is extensively used in the labeling of peptides and proteins due to the simple iodination of their tyrosine units, but also as a replacement for chlorine in organic molecules such as DDT and chloroquine.
A radioisotope that was previously used extensively is 35S. Currently its relative importance seems to have decreased due to the limited possibilities of storing labeled products. It has radiation properties very similar to those of "C, except for the short half-life of 87 days, and, especially in work with larger experimental animals, radiosulfur-labeled preparations are still preferable.
Animals and Administration
The experimental animals used most frequently are adult mice. For example, a series of pregnant mice may be used to follow the changes with time of the distribution and excretion pattern of a labeled compound. The specific conditions for autoradiography of early pregnancy are discussed in a recent monography by Dencker (9) . Other mammals that have been sectioned with good results are rats, cats, monkeys, newborn dogs, and pigs. The largest specimen from which good quality sections have been obtained is a pregnant monkey (Macaca irus), weighing 5 kg (10) .
Nonmammalian animals of convenient size for whole-body autoradiography are: reptiles (lizard); amphibians (frog); birds (Japanese quail) (3, 5) ; and fishes (pike or trout) (3).
In our investigation, the most common route of administration of a labeled compound has been iv injection. Other possibilities that have been utilized are intramuscular, subcutaneous, and intraperitoneal injections, and oral and topical cutaneous administration. Advantages of iv administration over the other routes are that short-time studies can be made and that the quantitative estimation of the autoradiograms is not disturbed by variations in the rate of absorption from the injection site or other source of the labeled substance.
Our method for iv injection of mice is shown in Figure 2a . The labeled compound is administered in a tail vein. The amount of liquid injected is generally 0.2 ml for water soluble compounds.
With substances that are only soluble in fat and fat solvents, it may be difficult to study the short-term distribution. A problem related to iv injection of solutions in solvents other than water is that the solvent is toxic and can be given only in very low doses. However, by using microsyringes (e.g., a Hamilton syringe), small amounts (0.02 ml for an adult mouse) of dimethyl sulfoxide (DMSO) have been used successfully for many substances. Propylene glycol and ethanol are other possible organic solvents, but ethanol may cause local coagulation when it enters the blood stream, which may result in emboli of labeled blood in the lung. An alternative way of injecting a nonwater-soluble compound intravenously is to use a suspension. The fat emulsion Intralipid (Vitrum, Stockholm) marketed as an agent for intravenous fat nutrition has been used successfully. After topical application on the skin, the absorption rate of a specific substance may increase if it is applied as a solution in DMSO. 
Freezing and Mounting
At various predetermined times after administration of the labeled substance, the animals are frozen quickly by immersion in a cold liquid. Before being frozen, the animal is killed by CO2 . As a freezing liquid, hexane cooled with dry ice (temperature about -75°C) is generally used. If very rapid freezing is wanted, isopentane cooled with liquid nitrogen is used. The mice are generally frozen directly on the microtome stage using the arrangement shown in Figure 2c .
As a mounting medium, a semiliquid gel of carboxymethyl cellulose (CMC gel) is used. When frozen, it forms a firm support of reinforced ice around the animal on the stage. During the freezing, the stage is surrounded by a metal frame (Figure 2b ). Animals investigated after very short postinjection periods (1-5 min) are generally prepared for sectioning in two steps: 1) They are frozen without the CMC gel and then 2) mounted on the microtome stage as described earlier.
Microtomes and Sectioning

Cryostat Microtomes
Several different types of cryostat equipment have been constructed, and a few of these have been marketed. Two advanced models that have been relatively recently developed will be briefly described. Size is the main difference between them. The larger one (LKB 2250) allows the sectioning of such large specimens as a 5 kg pregnant monkey 45 cm x 15 cm. The other one can be used, e.g., for mice and rats 16 cm X 15 cm (LKB 2258). Both can also be used for small specimens such as rat fetuses. The good stability, which they maintain, also allows the sectioning of such hard tissues as teeth. The sectioning is done on a specially designed heavyduty microtome, which is built into the cryostat. The motor dirving the microtome sledge is maneuvered automatically or by a knee control unit with adjustable speed. The knife-holder arrangement is very stable; the pillars holding the knife move vertically. The thickness of the section is determined by the downward feed of the knife, the specimen holder being moved only horizontally. The section thickness can be varied in a continuous range from 1 to 999 µm.
Each cryostate is equipped with a control panel. The microtome can be programmed to trim the specimen automatically down to the desired level. The operator then collects the number of sections needed at that particular level of the specimen. The microtome can then be reprogrammed to section down to the next level of interest.
A stroke-length control enables adjustment of the cutting stroke according to the length of the specimen block. The knife retracts approximately 30 µm upwards at the end of each stroke, while the specimen returns to its starting position. In this way, smearing of radioactivity labeled material back over the face of the block is avoided.
Sectioning
Before sectioning begins, the frozen block has generally been allowed to reach the temperature of the cryostat (-20°C). The frozen animal is sectioned ("planed") sagittally (discarding the sections), until a section surface of interest appears.
Before a final section is taken, a piece of transparent tape ("Scotch" tape) is fastened with a brush or a cotton wad onto the section surface of the block. The microtome knife then cuts under the tape, and the section will, from the beginning, be attached to this tape. The tape supports the section and keeps it intact (Figure 3) . Sometimes, the tape has a tendency to loosen from the block just in front of the knife edge, which will reduce the quality of the section. This effect can be avoided by gently pressing down with a plastic (matchbox shaped) block on the tape at the knife edge while the section is being cut.
The section thickness is generally kept at 20 µm, but some thicker sections (e.g., 100 µm) may also be taken. The total useful range of section thickness is 5 to 200 µm. In work with isotopes other than tritium, these thicker sections can be used for obtaining autoradiograms with a shorter exposure time but with less detail. Thick sections may also be used for impulse counting.
High Resolution Autoradiography of Large Sections
Whole 5 µm thick sections provide autoradiograms with particularly good resolution. For contact autoradiography, these thin sections are pressed against thin fine-grained emulsions. Even better resolution, however, can be achieved if thin whole-body sections or portions cut from such sections are attached permanently by dry mounting to nuclear plates (2, 20) . The resulting autoradiograms can then be examined under the microscope by focusing alternately on the section and on the developed grains of the emulsion. In this way, a labeled substance can be localized to single cells.
Freeze-Drying of Sections
After the sections have been obtained, they are attached to frames of Plexiglas or wood (Figure 2f ). They are then dried by being stored at -20°C. No vacuum is needed for the dehydration. Before being removed from the freezer, the dried sections are placed in an airtight box to prevent condensation of atmospheric moisture.
Film
X-Ray Film
The most sensitive commercial photographic material for all beta emitters except tritium is X-ray film. X-ray films are coarse-grained and are generally double-coated. Radiation from strong beta emitters, such as phosphorous-32, passes through the backing and will cause blackening in both gelatin layers. However, the radiation from "C and most beta emitters passes through only one of the two gelatin layers. The other layer does not add to the sensitivity but only to the background fog and it is advantageous to remove it after the photographic processing.
The most sensitive X-ray films are the so-called no-screen X-ray films (meant for use in X-ray work without amplifying screens). Generally speaking, the more coarse-grained the X-ray film, the more sensitive it is, and the higher is the background fog.
Kodak Ltd., Great Britain, produces two very useful X-ray films, No Screen X-ray and Industrex C, the latter being finer-grained and about 1/4 as sensitive as the former but giving better resolution. Gevaert's Structurix film is comparable to Industrex C.
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Ultrofilm 3H
All commercial X-ray films that have been tested in this laboratory have shown a low sensitivity to tritium, in part this is due to the fact that they are all covered with a thin protective layer (antiscratch) of gelatin. Recently a tritium-sensitive film has been marketed under the name "LKB Ultrofilm 3 H." It has no antiscratch layer and is single-coated with a thin layer of relatively large-sized silver bromide crystals. The silver/gelatin ratio is high to further reduce absorption of the tritium radiation. The film base lacks the blue stain that is nearly always present in the usual X-ray films.
The new tritium-sensitive film may also be suitable for use in autoradiography of chromatograms, such as thin-layer plates employed for separation of tritium-labeled compounds.
Exposure
During autoradiographic exposure, the dried sections are pressed directly against photographic films. Control exposure of a section without radioactivity has not resulted in any blackening of the film. A sandwich of photographic film and section, interposed between paper layers, is placed in a simple press consisting of two aluminum bricks pressed together with two paper (bulldog) clamps (see Figure 2g) . The press is then put in a lighttight box, which is usually stored at a low temperature (-10 to -20°C) during exposure, since the sections are preserved better at this lower temperature.
Factors influencing autoradiographic exposure time are: a) radiation properties of the isotope (energy and half-life); b) radioactive dose; c) rate of excretion from the animal; d) section thickness; and e) sensitivity of the film.
In work with long-lived isotopes, we have generally tried to choose conditions that will yield bulk results (satisfactory blackening) within a month's exposure.
Average exposure times after 10 .tCi of "C are 2-4 weeks for 20 µm sections on the relatively fine-grained X-ray films Industrex C (Kodak) and Structurix (Agfa Gevaert) and 4-6 days for 100 ttm sections on No Screen X-ray Film (Kodak). Thus the use of thick sections and coarse-grained emulsions can shorten the exposure time considerably (in work with most isotopes except tritium) and can also be used to get preliminary biological information and help in estimating the exposure time for the autoradiograms from the thinner sections. 
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When using 200 ACi of tritiated substances combined with Ultrofilm 3 H (LKB), the exposure time is also usually 2-4 weeks. In cases where the labeled compound is rapidly excreted, a considerably longer exposure time may be needed for animals studied a long time after administration.
Development and Fixation
After exposure, the film and the section are separated. The film is developed, fixed, and rinsed. The section may be stained and mounted under a cover slip. The photographic processing of the films should follow the recommendations of the manufacturer. To standardize the developing conditions, the autoradiogram from the same series of animals may be put on the same rack before being passed through the photographic liquids (Figure 2h ). The density of the developed autoradiograms may be compared with the density under an isotope scale.
Photocopying
We generally present our autoradiograms as positive prints, which means that a white area in the published picture corresponds with high activity in the section.
Prints are usually made by copying the original autoradiograms on photographic paper in an enlarger. The main reason for publishing our autoradiograms as positive prints is that only one photographic step is necessary for obtaining a photopaper copy, which can then be supplied with indications. In addition, the autoradiograms are in this way easier to distinguish from black-and-white photos of stained sections.
Staining and Mounting of Sections
The autoradiograms can sometimes be interpreted without comparison with the corresponding section, but histological identification of certain structures is often helpful. Occasionally, the unstained section will do, but a stained one is preferable. Therefore, a few sections from each animal are generally selected for staining. Some types of "Scotch" tape (among them 3M Type 800) allow the section to be stained while still attached to the tape. The section does not come off, and the tape is not stained to any significant extent.
Any staining method can be tried. One which has been used very successfully is Goldner's collagen stain (16). The staining method used most frequently is hematoxylin-eosin.
The stained and dehydrated sections are mounted under a cover slip without being removed from the tape. As a mounting medium, the ethanol-soluble substance "Euparal" (CHROMA-Gesellschaft, Schmid, GmbH & Co., Stuttgart, W. Germany) is used.
Farebrother & Woods (11) have suggested a convenient way of preparing stained whole-body sections for storage by just spraying the section surface with "Trycolac" (Aerosol Marketing Co. Ltd., 30 Nottinghill Gate, London W11 3HX).
Quantitation
A quantitative determination of the amount of radioactivity in various tissues of whole-body sections is generally done in one of two ways:
1. by densitometer readings using an isotope scale (radioactive staircase, or step-wedge) as a source of reference; 2. by impulse counting or other direct analysis of the concentration of a chemical substance in pieces cut from the sections.
Densitometry
In this method, an isotope staircase containing known concentrations of the particular isotope (e.g., "C, tritium, or mercury-203) is placed beside the whole-body section on the film during exposure. When making a radioactive standard, the gelatin layer of a photographic film can be used to absorb a water-soluble, labeled compound (4, 8) .
When the autoradiogram has been developed, the blackness of the various tissues can be compared with the blackness of the scale by the use of densitometer readings. The densitometer we use for this purpose is a Schnell-photometer Type GII (Jena). Even rather small areas can be examined, since we are able to enlarge the autoradiogram with the densitometer.
Cross et al. (8) have described in great detail a method for quantitation by densitometry including the construction of a very convenient, small-aperture (0.5 mm) densitometer. Liss and Kensler (15) have used a slightly different method and estimated the half-life of drugs in tissues. The concentration in very small areas may also be estimated on photographic enlargements on photopaper made from autoradiograms that include an isotope scale. The scale is then cut out and simply placed on the print for visual comparison with the tissue areas to be estimated.
An advantage of densitometry is that small areas can be measured. It is also a rapid method: many readings can be done in a short time. The main disadvantage is that the quantitative accuracy obtained is not very high.
Volatile Substances
When autoradiography with volatile labeled substances is performed on dried, thin whole-body sections, the nonmetabolized volatile substance evaporates and only nonvolatile metabolites are registered. However, registration of the total radioactivity, including the volatile part, has been made possible by using lowtemperature techniques. After embedding the animal and freezing in liquid nitrogen, the frozen block can be divided sagittally with a saw in one or more planes. X-ray film is pressed against the flat surface, and the block is transferred to a cold freezer (-80°C). After exposure at this low temperature, the block may be sectioned at -20°C in the regular way. The thin sections are then dried and autoradiographed.
This technique has been applied to inhalation anesthetics (7), ethanol, ethylene oxide, several organic solvents, and nitrosamines.
In Vitro Autoradiography
In vitro autoradiography may be performed in many different ways. The main method seems to be to incubate sections, which are usually fixed, in a medium (generally aqueous) containing a labeled substance. The sections are then rinsed and dried before autoradiographic exposure.
One purpose of such in vitro investigations may be to reveal the receptor sites, the "target tissues", for a physiological substance (or, e.g., a drug that may imitate the physiologic substance or interfere with its action by blocking the receptor sites, e.g., the binding). Another possibility is to study the binding of' 25 I-labeled antibodies to their corresponding antigens. The affinity of many polycyclic amines to melanin (13, 14) and the binding of bisquaternary ammonium compounds to cartilage (chondroitin sulfate) (17) have also been investigated.
The advantages of in vitro autoradiography compared to in vivo seem to be:
It is less affected by the rapid degradation of a labeled substance. High concentrations of label in the blood and accumulations in excretory sites are avoided. The investigation is not limited to the use of experimental animals, but organs or tissues from the slaughterhouse or human autopsy (e.g., human fetuses) may be used.
An obvious disadvantage of autoradiography in vitro, on the other hand, is that a nonspecific tissue absorption, which is not easily washed away, may give misleading results. A methodological problem is that the conditions for work with different kinds of substances may vary considerably. Much more experience is needed before we can evaluate the potential of in vitro autoradiography.
A somewhat hopeful sign may be that in our laboratory we recently obtained a selective binding of two ' 2 'I-labeled gonadotropins (LH and HCG) to their known main target, the corpora lutea, using whole-body sections from mice (in their 15th day of pregnancy). Immediately after sectioning, sections of 20 .rm were fixed in -20°C acetone or methanol. They were then incubated in a buffer solution at room temperature for 1/2 to 2 hr, rinsed for 2 hr, and dried before autoradiographic exposure. The incubation and rinsing were done in an incubator that worked with a small amount of liquid. The uptake in the corpora lutea was totally selective, with the exception of some absorption in the gastrointestinal contents.
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